To study the effects of both free-surface topography and volume heterogeneities on seismic data, we develop a hybrid method which couples the boundary element (BE) method to model arbitrarily complex topography with the screen method for large volume of heterogeneous media. After briefly describing the principles of the two methods, we develop a boundary connection technique which is a critical step of coupling the BE method with the screen method. Its validity is tested by numerical experiments. Finally we apply the hybrid method to wave propagation in a model with both rough surface topography and irregular subsurface structure.
Introduction
Each type of numerical modeling methods has its unique advantages and disadvantages. The object of this paper is to develop a hybrid method to study the effects of both surface topography and complex structures on wave propagation. The numerical method for this problem must be able to handle all scatterings reverberated inside the rugged free-surface structure. The finite difference (FD) method is widely accepted for modeling wave propagation in arbitrarily heterogeneous media. It is well known, however, that the FD method may have problems with implementing conditions on boundaries of complex geometric shapes. The finite element (FE) method can model the complicated geometric shapes using irregular grids with elements of different size, but the implementation of the algorithm is not convenient in the presence of a rugged free-surface, and the computation is very time consuming. In contrast, boundary integral equation method or boundary element (BE) method can be formulated in terms of an integral along boundaries. The method has been extensively applied to wave propagation simulations (e.g., Bouchon, 1985; Campillo and Bouchon, 1985; Bouchon et al., 1989) . The traction-free condition for rugged free surface is easy and natural to treat in an accurate and stable manner for the BE method. In this paper, the BE method is implemented in the frequency domain and has a kernel function compatible with the screen method which is chosen to treat arbitrary complex structures in depth.
As an modeling method functioning between full-waveform methods and high-frequency asymptotic methods, the screen methods based on one-way equation have been used for wave propagation simulations (e.g., Martin and Flatte, 1988; Wu, 1994; Wu and Huang, 1995) and seismic wave migration (e.g., stoffa et al., 1990; Wu and Xie, 1994; Huang and Wu, 1996) . A detailed discussion of various approximations for forward and backward scatterings of different wavetypes is given in Wu (1996) . This method neglects the multiple reflections so that the full-wave equation can be simplified as the one-way wave equation. The main advantages of the screen method are the fast speed of computation and the large saving in computer memory.
BE method
The formulation of the BE method can be briefly described as follows. Consider steady state scalar wave propagation in a homogeneous region Ω bounded by a boundary Γ . Assuming a point source is located at r 0 , with a source function S( ) ω , the boundary integral equation for the seismic response u( ) r at location r on Γ can be written as
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where the coefficients C( ) r generally depends on the local geometry at r , G( , ) r r′ is the Green's function for the homogeneous region, and ∂ ∂n denotes differentiation with respect to the outward normal of the boundary Γ .
The boundary Γ is discretized into a finite number of elements. The boundary integral equation (1) for all nodes is approximated by a simultaneous system of linear equations. In general, the coefficient matrix is full-rank. For a piecewise homogeneous media with irregular interfaces (Fu and Mu, 1994; Fu, 1996) , the discretization of equation (1) can be done in each subdomain, and then all equations are assembled into a global matrix equation by using the interface conditions of continuity of displacements and their normal gradients across all interfaces. This global matrix is sparse or narrow-banded, depending on the structure of the models. Since matrix operations are involved and the matrix for each frequency component must be inverted, the BE method is not efficient for large volume problem. This problem can be circumvented with the use of hybrid methods.
Screen method
The wide-angle dual-domain screen method for modeling reflected field can be summarized as follows (Wu, 1996) . Consider the Lipmann-Schwinger equation
where k v = ω 0 is the background wave number, v 0 is the background velocity, ( ) 
where x T * is the horizontal position of the receiver at depth z * , u f and G f are the forward scattering approximated field and Green's function, respectively. They are calculated using screen propagators.
We first slice the whole medium into thin-slabs perpendicular to the propagation direction. Weak scattering condition holds for each thin-slab. Assume ′ z and z 1 as the slab entrance at the top and exit at the bottom, respectively, and Fouriertransform equation (3) with respect to x T * , resulting in ( )
where i = −1 , and γ = − k T 2 2 k . Note that the twodimensional inner integral in equation (4) is a 2-D Fourier transform. Therefore, the dual-domain technique can be used to implement equation (4). For each slab-step forward, the forward and backward scattered fields by a thin-slab are calculated and the forescattered field is added to the incident field so that the updated field becomes the incident field for the next thin-slab. The backscattered field is calculated at each step and then back propagated to the receiving surface using the same multiple-forescattering technique. This method can model modest surface topography by coordinate transformation, but is not workable for rugged topography.
Boundary Connection Technique for Hybrid Method
The problem configuration is illustrated in Figure 1 
The boundary integral equation for fields on the boundaries
of Ω 2 can be obtained from The surface Γ surrounding subdomain Ω 2 consists of the connection boundary Γ AB , the upper free surface Γ 1 , the lower interface Γ 2 , and the right boundary Γ CD . Γ CD , in computation, is assumed to extend to infinity and can be handled using an infinite element absorbing boundary technique (Fu and Wu,1997) . Considering equation (5) and the free boundary condition on Γ 1 , the integral on the right of equation (6) can be expressed as
In order to solve ∂ ∂ u n ( ) r on Γ 2 , we must build the corresponding boundary integral equation in subdomain ′ Ω 2 . In addition, to solve equation (6) using the boundary condition, the normal gradient of Γ AB must be known. However, we can use the Rayleigh integral representation to eliminate term ∂ ∂ u n ( ) r on Γ AB by choosing the connection boundary Γ AB as a plane surface and constructing the proper Green's function. By solving the joint boundary integral equations of Ω 2 and ′ Ω 2 , we can obtain the wavefields on Γ AB , Γ 1 , and Γ 2 . The observation field along Γ CD is calculated explicitly from the fields on the boundaries.
To test the validity of the connection technique, we present a comparison between the wavefield (Figure 1c ) obtained using the BE method to directly from the source to the observation surface Γ CD and the one (Figure 1d ) by the hybrid method using the above connection scheme. First the screen method is used to compute the intermediate wavefield (Figure 1b) on Γ AB as the incident field. Then the BE method is used to calculate wave propagation from Γ AB to Γ CD . The dominant arrivals consist of three sets of waves. The first arrival is incident wave propagating from the source to receivers. The second is the wave travelling upwards and reflect once from the free surface, and the third is the wave that first travels downwards from the source and reflect once from the bottom interface. This excellent agreement between Figures 1c and  1d confirms the validity of the connection technique for the hybrid method.
Examples
We present two near-surface models from simple to complex cases to investigate near-surface wavefield properties. These two examples are calculated with frequency range 0 ~ 40 Hz, with receivers along the free surface, and the source at depth 20 m below the free surface. To make the effects of topography clear, the direct arrival from the source directly to receivers is removed. Figure 2a shows a flat free-surface model and the corresponding synthetic seismograms are displayed in Figure 2b . We see that there is no significant effect to impair seismic data in the presence of the flat free surface. However, when we add two upper-rises to the flat free surface, but leave the others in the model intact, fairly complex seismograms are generated (see Figure 2d ) due to the irregular topography. The strong scattered energy related to topographic anomalies can mask the interesting reflections. In these examples, the connection surface is a horizontal plane at depth 200 m.
Conclusions
We have developed a new hybrid method to simulate wave propagation in near surface regions. In the hybrid scheme, the BE method is used to model topography and the screen method to compute wave propagation in the large volume of heterogeneous media below the topography. The validity of the wavefield connection technique developed for the hybrid method has been tested by numerical comparisons. From the numerical example, it can be seen that the rugged free-surface topography can considerably influence surface seismic data.
